Abstract. For the successful production of cloned animals by somatic cell nuclear transfer (NT), the epigenetic status of the differentiated donor cell is reversed to an embryonic totipotent status. However, in NT embryos, this process is aberrant, with genomic hypermethylation consistently observed. Here, we investigated the effects of silencing DNA methyltransferase 1 (DNMT1) mRNA by small interfering RNA (siRNA) on the DNA methylation status of the satellite I region and in vitro development of bovine NT embryos. First, the levels of DNMT1 expression were analyzed at 0, 24, 48, 72, 120 and 192 h after in vitro culture. Real-time PCR and western blotting analyses detected a significant decrease in DNMT1 mRNA in the siRNA-injected NT (siRNA-NT) group up to 72 h after in vitro culture. Next, the levels of DNA methylation of the satellite I region were analyzed at several time points after in vitro culture. The level of DNA methylation detected in siRNA-NT embryos was significantly less than those in NT embryos throughout in vitro development. Moreover, the developmental rate of embryos to blastocysts in the siRNA-NT group was significantly higher than that of NT embryos. Our data suggest that knockdown of DNMT1 mRNA in NT embryos can induce DNA demethylation, which may enhance reprogramming efficiency. Key words: DNA methylation, DNA methyltransferase, Embryo development, Nuclear transfer, RNA interference (J. Reprod. Dev. 57: [393][394][395][396][397][398][399][400][401][402] 2011) hile there have been many attempts to improve the developmental competence of somatic cell nuclear transfer (NT) embryos, the success rate of producing viable offspring is still very low, with less than 5% of embryos transferred to surrogate females [1] . In bovine cloning, high rates of embryonic, fetal, neonatal and postnatal abnormalities have been consistently observed [2] [3] [4] . To achieve developmental competence of NT embryos, the donor nucleus of the differentiated cell needs to undergo epigenetic reprogramming during preimplantation development. However, this process needed for a differentiated donor nucleus to achieve embryonic status is delayed and incomplete in NT embryos [5] . In fact, many studies have demonstrated that epigenetic statuses such as DNA methylation and histone acetylation, are abnormally established in NT embryos during preimplantation development [6] [7] [8] [9] [10] [11] [12] . As a result, abnormal gene expression including imprinted genes [10, [13] [14] [15] can prevent normal development of NT embryos [16] .
(J. Reprod. Dev. 57: [393] [394] [395] [396] [397] [398] [399] [400] [401] [402] 2011) hile there have been many attempts to improve the developmental competence of somatic cell nuclear transfer (NT) embryos, the success rate of producing viable offspring is still very low, with less than 5% of embryos transferred to surrogate females [1] . In bovine cloning, high rates of embryonic, fetal, neonatal and postnatal abnormalities have been consistently observed [2] [3] [4] . To achieve developmental competence of NT embryos, the donor nucleus of the differentiated cell needs to undergo epigenetic reprogramming during preimplantation development. However, this process needed for a differentiated donor nucleus to achieve embryonic status is delayed and incomplete in NT embryos [5] . In fact, many studies have demonstrated that epigenetic statuses such as DNA methylation and histone acetylation, are abnormally established in NT embryos during preimplantation development [6] [7] [8] [9] [10] [11] [12] . As a result, abnormal gene expression including imprinted genes [10, [13] [14] [15] can prevent normal development of NT embryos [16] .
DNA methylation of cytosine residues in CpG dinucleotides is one of the epigenetic modifications mediated by three DNA methyltransferases (DNMTs), DNMT1, DNMT3a and DNMT3b [17] . DNA methylation patterns are dynamic, yet tightly regulated, during mammalian development [18] . In normal embryos, both maternal and paternal gametes undergo extensive demethylation after fertilization, with the paternal genome undergoing demethylation within hours of fertilization [19] . In contrast, the maternal genome is passively demethylated during cleavage divisions until the morula stage of preimplantation development. De novo methylation coincides with the first differentiation stage to develop the inner cell mass (ICM) and trophectoderm (TE) at the blastocyst stage, which establishes tissue-and time-specific methylation patterns throughout development [20, 21] . Therefore, the level of DNA methylation in normal embryos during preimplantation development is relatively low [22, 23] . However, previous studies have shown that the level of DNA methylation in NT embryos is higher than in normal embryos and is more similar to somatic cells, since a somatic genome that is injected into an oocyte does not undergo demethylation [6] [7] [8] [9] 11] . This hypermethylation phenomenon is frequently associated with the genome of NT embryos and is considered one of the reasons for abnormal gene expression and low cloning efficiency [21] .
DNMT1 is constitutively expressed in proliferating cells and acts as a maintenance enzyme to ensure that DNA methylation patterns are copied to daughter cells during DNA replication [24] . Giraldo et al . [25] demonstrated that NT embryos obtained using donor cells with low expression of DNMT1 mRNA were associated with a higher developmental competence compared with NT embryos obtained using donor cells with high expression of DNMT1 mRNA. Based on these findings, we hypothesized that a method for reducing the levels of DNMT1 mRNA during the first embryonic divisions would prevent the hypermethylation of genomic DNA. Currently, the relationship between knockdown of a specific gene and epigenetic reprogramming in bovine NT embryos is largely uncharacterized. Therefore, the objective of this study was to investigate the role of DNMT1 in the in vitro development and methylation process of bovine NT embryos using small interfering RNAs (siRNAs) targeted to DNMT1.
Materials and Methods
Animals were treated according to preapproved animal care and use guidelines established for the National Agricultural Research Center in the Kyushu Okinawa Region.
Chemicals
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated.
Collection and in vitro maturation of bovine oocytes
Collection and in vitro maturation procedures for bovine oocytes were performed as described previously [26] . Briefly, cumulusoocyte complexes (COCs) were obtained by aspiration of 2-6-mm follicles from ovaries collected at a local slaughterhouse. After washing in TCM199 (Gibco, Grand Island, NY, USA) supplemented with 5% (v/v) fetal calf serum (FCS, Cat. No. 12483-020, Lot No. 1404232, Gibco), 50 COCs were matured in 500 μl of TCM199 medium containing 5% (v/v) FCS, 0.02 IU/ml of FSH (Denka, Kawasaki, Japan), 1 μg/ml of estradiol-17β and 10 μg/ml of gentamicin and covered with mineral oil for 20 h at 38.5 C in a humidified atmosphere of 5% CO2 in air.
In vitro fertilization
In vitro fertilization procedures were performed as described previously [26] . Briefly, frozen semen was thawed in warm water (37 C) for 20 sec. Sperm were washed twice by centrifugation at 700 × g for 5 min with Brackett and Oliphant's (BO) solution [27] containing 10 mM caffeine and 4 U/ml of heparin (Nacalai Tesque, Kyoto, Japan) without bovine serum albumin (BSA). After removing the supernatant, the sperm pellet was diluted with BO solution for a final concentration of 5 mM caffeine, 2 U/ml of heparin and 5 mg/ml of BSA at a concentration of 1 × 10 7 cells/ml. After maturation, COCs were washed three times with BO solution containing 5 mM caffeine and 10 mg/ml of BSA and then transferred into drops of sperm suspension (20 oocytes per 100-μl drop). Inseminated COCs were incubated for 6 h at 38.5 C in a humidified atmosphere of 5% CO2 in air. After insemination, the cumulus cells surrounding putative zygotes were removed by pipetting. Twenty zygotes / 50 μl drop of CR1aa [28] supplemented with 5% (v/v) FCS were incubated at 38.5 C in a humidified atmosphere of 5% O2, 5% CO2 and 90% N2 for 8 days.
Preparation of donor cells
Bovine fibroblast cells were obtained from the ear of a 20-dayold Japanese Black male calf. The biopsy tissue was minced into small pieces (2 mm 2 ) and washed three times in Dulbecco's Phosphate Buffered Saline (PBS, Gibco) plus 100 U/ml of penicillin (Nacalai Tesque) and 100 μg/ml of streptomycin. After washing, tissue explants were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco) plus 5% (v/v) FCS at 38.5 C in a humidified atmosphere of 5% CO2 in air. The culture medium was changed every 2 days. After a week in culture, primary fibroblast cells proliferated around the tissue explants. The explants were then removed, and the fibroblast cells were cultured to confluence (passage 0). Passaging of the fibroblast cells involved disaggregating the cells with incubation in PBS plus 0.05% (v/v) trypsin and 2% (v/v) EDTA (Nacalai Tesque) for 5 min at 38.5 C. The cells were then split 1:3, and confluence was achieved after 6 days. For long-term storage, cells were trypsinized, frozen in DMEM supplemented with 20% FCS and 10% dimethyl sulfoxide and stored in liquid nitrogen. When needed, the cells were thawed and cultured in DMEM plus 5% (v/v) FCS, and passages 5-10 (based on an estimate of two cell doublings per passage) were used for experiments. For use as donor nuclei, cells were cultured 4-5 days past confluence.
Somatic cell nuclear transfer
After 20 h in maturation medium, expanded cumulus cells were removed by pipetting the COC in a solution of TCM199 containing 1 mg/ml of hyaluronidase. Oocytes in MII were used for production of NT embryos. Matured oocytes were placed in 50 μl of TCM199 supplemented with 5% (v/v) FCS, and a portion of the zona pellucida near the first polar body was cut with a cutting needle prior to enucleation. A small volume of cytoplasm surrounding 
Design of siRNA design and microinjection into embryos
For RNA interference, the target sight of the DNMT1 transcript was selected from bovine sequences (accession number: NM_182651) using the siRNA design software Enhanced siDirect (http://design.RNAi.jp/). Both sense and antisense RNA sequences for siRNA were commercially synthesized (Table 1 ; RNAi, Tokyo, Japan). The siRNA were dissolved with RNase free H2O according to the manufacturer's instructions. The specificity of the siRNA for knockdown of DNMT1 was confirmed in bovine fibroblast cells, not the knockdown effect against other DNMTs mRNA [29] . After activation, the embryos were transferred in a 20-μl drop of CR1aa supplemented with 5% (v/v) FCS for microinjection. Approximately 10 pl of 50-μM siRNA duplexes were injected into the cytoplasm of each embryo using a FemtoJet ® microinjection system (Eppendorf, Hamburg, Germany). Immediately after microinjection, the embryos were washed three times and cultured in CR1aa supplemented with 5% (v/v) FCS as described above. Since injection of nonsilencing siRNA (Cat. No. 1022076, QIAGEN, Tokyo, Japan) showed similar results to injection of RNase-free H2O (data not shown). RNase-free H2O was used as a negative control.
RNA extraction and real-time PCR
Total RNA from 5 embryos was isolated using a RNeasy ® Micro Kit (QIAGEN) according to the manufacturer's instructions. Extracted RNAs were either used immediately for RT-PCR or were stored at -80 C. Reverse transcription was performed using SuperScript TM III First-Strand Synthesis System for qRT-PCR (Invitrogen, Carlsbad, CA, USA) using oligo-dT primers.
Each sample was analyzed in duplicate using the iQ SYBR Green Supermix with the Chromo 4 TM Four-Color Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The real-time PCR mix (25 μl) consisted of 5 μl cDNA, 12.5 μl SYBR green master mix, 5.5 μl nuclease-free water, and 1 μl each of the forward and reverse primers (10 pmol) for each gene. Specific primers for amplification were designed to encode the bovine sequences using Oligo 6.5 (Table 1 ; Molecular Biology Insights, Cascade, CO, USA). As a negative control, the same volume of buffer containing RNA was added to the PCR reaction mixture instead of cDNA. Amplification of DNMT1 and histone H2A was performed with a denaturing cycle (3 min at 95 C), 40 cycles of PCR (95 C for 10 sec, 62 C for 45 sec and 72 C for 20 sec) and a melting curve program (60-95 C with a heating rate of 0.5 C/sec, continuous fluorescence acquisition and cooling down to 30 C). A standard curve was generated from the amplification of known quantities of amplicons. PCR products were confirmed by electrophoresis. The single band obtained for each target gene was extracted from the gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). The purified PCR products were quantified by spectrophotometry using a NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). Serial ten-fold dilutions were prepared as standard templates and were included for each run to generate a standard curve each time. The standards and cDNA samples were then amplified in the same plate. Fluorescence was acquired at each cycle to determine the threshold cycle (Ct) or the cycle during the log-linear phase of the reaction at which fluorescence rose above the background for each sample. Final quantification was performed using the Opticon Monitor™ software (Bio-Rad). The amount of mRNA detected was normalized to the amount of histone H2A detected in each sample. The quality of the PCR products obtained was verified using melting curve analysis and electrophoresis.
Western blotting
Approximately 15-30 embryos were lysed in 1% (v/v) SDS, 1%
(v/v) β-mercaptoethanol (Nacalai Tesque), 20% (v/v) glycerol and 50 mM Tris-HCl (pH 6.8) and denatured at 95C for 5 min. Samples were separated by electrophoresis in 5-20% gradient SDS polyacrylamide precast gels (Wako, Osaka, Japan). Stained proteins of known molecular mass (range: 14-200 kDa) were run simultaneously as standards. The electrophoretically separated polypeptides were transferred onto PVDF membranes using an iBlot TM Gel Transfer System (Invitrogen, Carlsbad, CA, USA). The membranes were blocked by incubation in PVDF blocking reagent (Toyobo, Osaka, Japan) for 1 h, and then washed three times in TBS-T at room temperature. Membranes were incubated with an anti-DNMT1 (1:500 dilution; Cat. No. IMG-261-A, Imgenex, San Diego, CA, USA) and anti-β-Actin (1:3000 dilution; Cat. No. G043, Applied Biological Materials, Richmond, BC, Canada) at 4 C overnight. After washing three times in TBS-T, membranes were incubated with a secondary antibody, HRPlabeled anti-mouse IgG (1:25000 dilution; Cat. No. NA931, GE Healthcare, Buckinghamshire, UK), at 37 C for 1 h. These antibodies were diluted with Can Get Signal ® (Toyobo, Osaka, Japan). Membranes were washed with TBS-T before detecting bound antibodies using an ECL Plus Western Blotting Detection System (GE Healthcare) according to the manufacturer's recommended procedure. Immunoreaction signals were captured and analyzed using a ChemiDoc System (Bio-Rad).
Differential staining of blastocysts
After observing embryo development, some blastocysts were used for differential staining to evaluate the number of total cells, ICMs, and TEs. Differential staining was performed as previously described [30] . In brief, blastocysts were treated with 0.1 mg/ml propidium iodide (Molecular Probes, Eugene, OR, USA) in 2% (v/ v) Triton X-100 for 1 min and then stained with 25 μg/ml Hoechst 33342 in 99.5% ethanol at 4 C for 3 h. After rinsing samples in glycerol, stained blastocysts were mounted on glass slides and observed with a fluorescence microscope. The nuclei of the ICM stained blue, while the nuclei of TE cells stained pink.
DNA methylation analysis
DNA methylation analysis of the satellite I region was performed at 0, 24, 48, 72, 96, 120 and 192 h after siRNA injection. For analysis at the blastocyst stage, each blastocyst was separated into two parts, the intact ICM with surrounding TE (ICM+TE) and the pure TE, using a microsurgical blade. Genomic DNA isolation from individual samples and bisulfite reactions were conducted using an EZ DNA Methylation-Direct TM Kit (Zymo Research, Orange, CA, USA) according to the manufacturer's instructions. After bisulfite treatment, satellite I region DNA was amplified by PCR (primers Table 1 ) and subjected to a combined bisulfite restriction assay (COBRA) and sequence analysis. Amplification of part of the satellite I region was performed as previously described [6] . The PCR program consisted of 35 cycles (95 C for 30 sec, 46 C for 30 sec and 72 C for 20 sec). For the COBRA assay, 5 μl of amplified PCR products were digested with 5 U AciI (New England Biolabs, Tokyo, Japan) overnight at 37 C. Restriction digest products were resolved on a 7.5% polyacrylamide gel and stained with SYBR Gold Nucleic Acid Gel Stain (Molecular Probes). Fragment intensities were calculated using an image analyzer, ChemiDoc, and the Quantity One software (Bio-Rad). For DNA sequencing, amplified PCR products were cloned into the pTAC-2 vector (BioDynamics Laboratory, Tokyo, Japan) and transformed into bacteria, and selected colonies were amplified using a TempliPhi DNA Amplification Kit (GE Healthcare) according to the manufacturer's instructions. DNA sequences of all samples were analyzed by a DNA sequencing service (Greiner Bio-One, Frickenhausen, Germany). DNA methylation analysis of the sequences obtained was performed using the Quantification tool for Methylation Analysis (QUMA, http://quma.cdb.riken.jp/) [31] . Sequence data with less than 95% conversion rates and more than 10 mismatches were removed from the analysis.
Experimental design
Effect of siRNA injection on DNMT1 expression in NT embryos: To investigate the effect of siRNA injection on DNMT1 mRNA expression, the levels of DNMT1 mRNA expression in NT embryos were measured at several time points. NT embryos were randomly divided into the following 3 groups after being activated: untreated NT embryos (control), NT embryos injected with RNasefree H2O (sham-NT) and NT embryos injected with DNMT1 siRNA (siRNA-NT). DNMT1 mRNA was detected by real-time PCR in embryos collected from all three treatment groups at 0, 24, 48, 72, 96, 120 and 192 h after in vitro culture. The levels of DNMT1 mRNA were normalized to the levels of histone H2a mRNA, and the relative abundances of DNMT1 mRNA between embryo groups were compared. In addition, the effect of DNMT1-targeted siRNA on the expression of DNMT1 protein in NT and siRNA-NT embryos at each time point after in vitro culture was also evaluated.
The effect of DNMT1-targeted siRNA on the DNA methylation status of the satellite I region in NT embryos: To investigate the effect of knockdown of DNMT1 gene expression on DNA methylation status, DNA methylation analysis of the satellite I region was performed as follows. Genomic DNA from a single embryo at 0, 24, 48, 72, 96, 120 and 192 h after in vitro culture were isolated and subjected to bisulfite treatment, and the satellite I region (which has 12 highly conserved CpG sites) was amplified by PCR. DNA methylation in the resulting PCR products was analyzed by COBRA assay, with the satellite I region containing two target sequences (CpG-4 and CpG-7) for the AciI enzyme, which only recognizes the methylated sequences 5'-CCGC-3' and 5'-GCGG-3'. In addition, DNA methylation analysis of the satellite I region in bovine fibroblast cells, which were used as donor cells was also performed by COBRA assay.
Furthermore, because previous studies have reported that hypermethylation status in TE cells directly influences the developmental competence by altering the gene expression [6, 32] , the DNA methylation status of TE cells was also analyzed by DNA sequencing in detail.
Effect of DNMT1-targeted siRNA on the in vitro development of NT embryos: To investigate the effect of decreased DNMT1 gene expression on the in vitro development of bovine NT embryos, DNMT1-targeted siRNA was injected into NT embryos, and the developmental competence of the resulting blastocysts was compared with blastocysts generated from the sham-NT and NT embryos.
Statistical analysis
All data were obtained from more than 3 replicates. In vitro development data were analyzed using chi-square tests, and DNA sequences were analyzed using Mann-Whitney U-tests. Other data were analyzed using ANOVA and then the Tukey-Kramer multiple comparison test. A P-value less than 0.05 denoted a statistically significant difference.
Results

The effect of siRNA injection on DNMT1 expression in NT embryos
The level of DNMT1 mRNA in all NT groups at 0 h (i.e., 1-cell stage) was significantly higher than that of the IVF group. The levels of DNMT1 mRNA in siRNA-NT embryos were significantly lower (P<0.05) than the control and sham-NT embryos at 24 h (i.e., 2-4 cell stage), 48 h (i.e., 8-16 cell stage) and 72 h (i.e., 16-32 cell stage). However, at the 96 h (i.e., >32 cell stage), 120 h (i.e., the morula stage) and 192 h (i.e. the blastocyst stage) time points, the differences in the DNMT1 levels were not significant (Fig. 1) . Thus, knockdown of DNMT1 by siRNA was effective for at least 72 h after in vitro culture. Furthermore, the amount of DNMT1 protein in the NT and siRNA-NT embryos at several time points was also evaluated by western blotting. Incubation with anti-DNMT1 antibody produced a band of approximately 180 kDa ( Fig.  2A) as previously described [33] . The amount of DNMT1 protein in siRNA-NT embryos at 24, 48 and 72 h after in vitro culture was significantly lower (P<0.05) than in the sham-NT embryos at the same time point (Fig. 2B) . In addition, the decrease in the amount of DNMT1 protein at the 96 h, 120 and 192 h time points was not observed as well as in the mRNA analysis.
The effect of DNMT1-targeted siRNA on the DNA methylation status of the satellite I region in NT embryos
Since Kang et al. [9] reported that the difference in the DNA methylation of the satellite I region between IVF and NT embryos was more remarkable in comparison with those of other satellite regions throughout preimplantation development, the satellite I region was selected as an indicator of global DNA methylation status in this study. After digestion of PCR products with AciI, the intensities of digested fragments were measured to calculate DNA methylation levels (Fig. 3) . The ratio of intensities of digested fragments (arrow head) and nondigested fragments (arrows) shows the level of DNA methylation of the PCR products. Since almost all the PCR products were digested in donor cells, the satellite I region in donor cells was evaluated as highly methylated. Figure 4 shows a summary of the DNA methylation analysis of the satellite I region (Fig. 4) . In the NT, sham-NT and siRNA-NT groups, the levels of DNA methylation at 0 h were significantly higher than in the IVF group at the same time point (80.1 ± 1.9, 78.6 ± 1.3 and 81.4 ± 1.8% vs. 50.0 ± 0.7%). Those levels were approximately similar to that of the donor cells (79.0 ± 0.9%). The level of DNA methylation of the satellite I region at 24 h significantly decreased (P<0.01) compared with that at 0 h (22.5 ± 3.0 vs. 50.0 ± 0.7%) in the IVF embryos, while the demethylation process was not observed in the NT and sham-NT groups. However, in the siRNA-NT group, a significant decrease in the level of DNA methylation from 0 to 24 h after culture was observed (81.4 ± 1.6 vs. 64.9 ± 3.8%).
At all time points examined in this study, the levels of DNA methylation of the satellite I region in the IVF group were significantly lower (P<0.01) than those in the NT, sham-NT and siRNA-NT groups. The levels of DNA methylation of the satellite I region in the NT, sham-NT groups and siRNA-NT groups progressively decreased after culture. In particular, the levels of DNA methylation of the satellite I region in the siRNA-NT group were significantly lower (P<0.01) than those in the NT and sham-NT groups at all time points except 0 h. On the other hand, a significant increase (P<0.01) in DNA methylation level was observed at 196 h (ICM+TE, 31.2 ± 1.6%; TE, 29.4 ± 2.3%) in the IVF group compared with that at 120 h (18.2 ± 4.1 %), but not in the NT, sham-NT and siRNA-NT groups. There was no difference in the levels of DNA methylation of the satellite I region between ICM+TE and TE in the IVF and NT blastocysts. Moreover, we analyzed the DNA methylation status of the satellite I region in TEs from the IVF, NT and siRNA-NT blastocysts by DNA sequencing (Fig. 5) . The methylation level of the TE in the NT group was significantly higher (P<0.003) than the levels in the siRNA-NT and IVF groups (61.7 vs. 35.8 and 19.9%, respectively). DNA sequencing confirmed that DNMT1 inhibition by siRNA significantly decreased the methylation level of the TE in the NT blastocysts. However, a significant difference (P<0.02) in methylation level was still observed between the siRNA-NT and IVF groups.
The effect of DNMT1-targeted siRNA on the development of NT embryos
As shown in Table 2 , the rate of cleavage detected in the siRNA-NT embryos (76.8%) was significantly higher (P<0.01) than that of the control and sham-NT embryos (64.5 and 68.6%, respectively). The rate of siRNA-NT embryos undergoing blastocyst formation (40.1%) was also significantly higher (P<0.01) than that of the con- trol and sham-NT embryos (28.4 and 29.3%, respectively). Mean cell numbers and the TE/ICM ratio were not significantly different for the IVF and the NT groups (Table 3) .
Discussion
Reprogramming of epigenetic status, such as DNA methylation and histone acetylation, is an essential process during mammalian development [17] . However, this process is incomplete in NT embryos, thereby resulting in low developmental competence. Here, we demonstrate that an RNAi-mediated reduction in DNMT1 mRNA not only affected the process of DNA demethylation, but also improved in vitro development of bovine NT embryos. Therefore, our data indicate that knockdown of DNMT1 mRNA in NT embryos facilitates the removal of the DNA hypermethylation pattern carried by differentiated donor cells, which might improve the developmental competence of NT embryos.
In bovine NT embryos, unlike normally fertilized embryos, DNA demethylation is not observed after the 2-cell stage [22] . In addition, failure to demethylate the TE cells of the blastocyst would likely directly impact developmental competence by altering the gene expression pattern in extraembryonic tissues [6, 32] . These findings indicate that developmental competence might be Histograms indicate the levels of DNA methylation detected in the satellite I region at several time points after in vitro culture. For analysis at the blastocyst stage, each blastocyst was separated into two parts, the intact inner cell mass with surrounding trophectoderm cells (ICM+TE) and trophectoderm (TE) cells, using a microsurgical blade. More than 10 embryos per group were analyzed. The letters a through c indicate significant differences in the level of DNA methylation among groups (P<0.01). The letters A through C indicate significant differences in the level of DNA methylation among time points in the same group (P<0.01). Data are presented as the means ± SEM. improved if the nucleus of the NT embryo could undergo demethylation during its early stages. In this study, the level of DNMT1 mRNA expression in NT embryos at 0 h was significantly higher than that of IVF embryos (Fig. 1) . The DNMT1 gene plays a role in maintenance of DNA methylation during DNA replication [24] . Thus, this increased expression of DNMT1 mRNA would be one of the causes for hypermethylation of NT embryos. For these reasons, we hypothesized that knockdown of DNMT1 mRNA would induce demethylation of the genome and thereby might improve developmental competence of bovine NT embryos. Since knockout of the DNMT1 gene has been shown to be lethal during embryonic development in mice [34, 35] , we decided to use a temporal and reversible method for specific inhibition of the DNMT1 gene in this study. In addition, although previous studies have reported the knockdown of DNMT1 mRNA by introduction of siRNA in donor cells [33, 36, 37] , the transfection efficiency is approximately 70-80%. Thus, it is difficult to select only the transfected donor cell during nuclear transfer in the case of siRNA transfection into donor cells during NT. For these reasons, we selected direct injection into embryonic cytoplasm as the siRNA introduction method in order to introduce siRNA into all embryos. Accordingly, siRNAs were designed to target DNMT1 mRNA, and a significant decrease in DNMT1 mRNA levels was detected up to 72 h after injection of DNMT1-targeted siRNA into NT embryos (Fig. 1) . Western blotting further confirmed a decrease in DNMT1 protein consistent with the decrease in DNMT1 mRNA observed (Fig. 2) . Although DNMT1 has been well-characterized in mice, the role of DNMT1 during preimplantation development in domestic animals remains unclear. In mice, DNA methylation is thought to be maintained by three isoforms of Dnmt1, namely Dnmt1o, Dnmt1s.a and Dnmt1s.b. These variants are derived by alternative splicing of the Dnmt1 gene [38, 39] . Recently, Russell et al. [40] indicated that the expression of DNMT1o, which is an oocyte-specific isoform of DNMT1, was not detected in cattle. They also demonstrated that there were two variants of DNMT1, namely, DNMT1a and DNMT1b, by alternative splicing of the DNMT1 gene in cattle. On the other hand, Taylor et al. [41] reported that knockdown of DNMT1 (12b), which is a splice variant corresponding to DNMT1b in cattle, resulted in developmental arrest in sheep zygotes at the late morula stage. Since the siRNA and PCR primers used in our study target a common sequence between two variants of DNMT1, both variants of DNMT1 were possibly inhibited by siRNA injection. Therefore, further research in which each transcript is separately inhibited is needed to elucidate the biological significance of bovine DNMT1 transcript variants during preimplantation development.
In this study, we found that the level of DNA methylation of the satellite I region in siRNA-NT embryos was significantly lower than the methylation levels detected in NT and sham embryos (Figs. 4 and 5 ). In addition, our results demonstrate that a temporal reduction in DNMT1 mRNA levels during the early stages significantly improved the in vitro development of bovine NT embryos (Table 2) . Our finding that a reduction in DNMT1 mRNA improved early developmental competence is consistent with work by Giraldo et al. [25] that also showed an improvement in early developmental competence in a donor cell line with low levels of DNMT1. Similarly, Wee et al. [11] reported that treatment of donor cells with Trichostatin A, an inhibitor of histone deacetylase, prior to NT decreased levels of DNA methylation in the satellite I region and improved early developmental competence of bovine NT embryos. In contrast, Giraldo et al. [33] reported that in vitro development of NT embryos does not increases when the donor cells are decreased by siRNA transfection. This discrepancy might be due to the transfection efficiency. As mentioned above, the efficiency of transfection into somatic cells was approximately 70-80% in previous studies [33, 36, 37] . Thus, the use of untransfected cells as donor cells may affect the experimental results.
Since differentiation of blastomeres to ICM and TE cells occurs at the blastocyst stage, it is possible that the levels of DNA methylation status differ between ICM and TE cells. Therefore, we divided blastocysts into two parts (ICM+TE and TE) and then performed DNA methylation analysis. Our results indicated no significant difference in the DNA methylation levels of the satellite I region between the ICM+ TE and TE at the blastocyst stage. However, Kang et al. [8] reported that there were significant differences in the DNA methylation level of the satellite I region between regions of the NT embryo at the blastocyst stage; the TE was highly methylated compared with the ICM+TE. Although it was not clear why this discrepancy occurred, this result was consistent with our previous results showing no difference in the DNA methylation level of the satellite I region between the ICM+TE and TE in the bovine NT blastocyst [42] . Similarly, Dean et al. [22] reported that there were no differences in the levels of global DNA methylation between the ICM+TE and TE in bovine IVF blastocysts.
On the other hand, in this study, the DNA methylation level of the satellite I region significantly increased at 196 h (blastocyst stage) in the IVF group compared with that at 120 h (morula stage). Giraldo et al. [33] reported that global DNA remethylation of TE cells occurred at the blastocyst stage in bovine embryos. This report supports the finding of an increased DNA methylation level of the satellite I in IVF blastocysts. In contrast to IVF blastocysts, the DNA remethylation process at the blastocyst stage was not observed in the NT, sham-NT and siRNA-NT groups. This finding indicates that not only the DNA demethylation process but also DNA remethylation process in NT embryos is still different from IVF embryos.
The amount of DNMT1 protein was inhibited by DNMT1-targeted siRNA in this study (Fig. 2) , which might allow nuclei in the siRNA-NT embryos to undergo a significant demethylation compared with NT embryos (Figs. 4 and 5) . With regard to the relationship between reprogramming and DNA methylation, mouse fibroblast cells carrying a hypomorphic allele of the DNMT1 gene were found to undergo global hypomethylation of their genome and to be well suited for generation of embryonic stem cells [43] . Moreover, the overall efficiency of the reprogramming process to a pluripotent status in mouse somatic cells was improved by treatment with a DNMT inhibitor [44] . Hence, in combination with our data, knockdown of DNMT1 mRNA by siRNA appears to induce alterations in the epigenetic status involved in changing a somatic cell pattern to an embryonic pattern in a donor nucleus, thereby improving the developmental competence of NT embryos. On the other hand, Hirasawa et al. [45] reported that Dnmt1 was necessary to maintain DNA methylation patterns in imprinted genes during preimplantation embryonic development in mice. In the present study, we investigated DNA methylation analysis only in the satellite I region. Therefore, further DNA methylation analysis in other genes including imprinted genes is needed.
In summary, our data suggest that knockdown of DNMT1 mRNA may facilitate nuclear reprogramming by inducing genomic demethylation, such as occurs in a normal zygote during the early embryonic stages, resulting in improved developmental competence of NT embryos. However, developmental efficiency to the blastocyst stage does not fully reflect developmental competence to term. Therefore, further research, such as global gene expression and in vivo development of NT embryos, is necessary to investigate whether DNA demethylation by DNMT1-knockdown improves developmental competence of NT embryos. Nevertheless, we have demonstrated for the first time that in vitro development of NT embryos was improved by inhibition of a single RNA using targeted siRNA, suggesting that knockdown of epigenetic relatedgenes by siRNA will provide useful information for elucidating the epigenetic reprogramming mechanisms in NT embryos.
